



Power Law Corrections to Hadronic







Measurements of distributions and mean values of the event-shape variables thrust and
heavy jet mass in the center-of-mass energy range from 14 GeV up to 172 GeV are analyzed for
possible non-perturbative corrections following a power law of the form 1/Q. These corrections
are characterized by a single parameter, which can be tted to the data together with the strong
coupling constant. Results on 
s
are compared to those obtained with hadronization corrections
from a Monte Carlo generator.



















! hadrons has corroborated the
theory of strong interactions, Quantum Chromodynamics (QCD), and has provided accurate
measurements of its strong coupling constant 
s
. The dominant uncertainties of these
measurements are of theoretical nature. One important aspect is the transition from coloured
partons, for which perturbative calculations can be performed, to colour-neutral hadrons,
which are observed in the detector. So far this transition has been simulated on the basis of




In this paper the method above is compared to new analytical calculations of non-
perturbative eects, which are described as corrections scaling with 1/Q. The momentum
transfer Q is equal to the center-of-mass energy
p





corrections have been calculated for mean values [1] and distributions [2] of some event-shape
variables. Here the variables thrust (T ) and heavy jet mass (M
H
) are analyzed using Monte
Carlo and 1/Q corrections. The aim of the present analysis is to study the new method based
on power corrections and to compare results obtained for 
s
. Therefore, only one Monte Carlo
generator is used here, although a detailed measurement of 
s
should take into account dierent
generators and a variation of the parameters used to describe the fragmentation process.
2 Experimental Data
Since the functional dependence of non-perturbative eects on the center-of-mass energy will be
tested, experimental data are needed over a large range of Q =
p
s. Measurements of thrust
and heavy jet mass have been done in the energy range from 12 GeV to 44 GeV at the PETRA
collider by MARKJ [3], CELLO [4], PLUTO [5] and TASSO [6]. At 29 GeV there are data from
the PEP collaborations MARKII [7] and HRS [8]. Data between 55 GeV and 58 GeV have been
provided by AMY [9] and TOPAZ [10],[11]. Most precise data have been measured at Q =M
Z
by SLD [12], L3 [13], DELPHI [16], OPAL [18] and ALEPH [21]. The LEP collaborations have
also performed measurements beyond the Z resonance at 133 GeV [14][17][19][22], 161 GeV
[15][20] and 172 GeV [23].
All measurements are corrected for detector acceptance and resolution, and in most cases
statistical and systematic errors are given separately. The errors used in the 
2
-calculations of
the ts are the quadratic sum of statistical and experimental systematic errors. Correlations
between measurements at dierent energies have not been taken into account. Further details
on event selection and correction procedures can be found in the referenced publications.
3 Theoretical Predictions
The perturbative prediction to second order in 
s
for the mean values < 1  T > and < M
H
>







































)=12, with the number of active avours
set to n
f
= 5. The coecients A and B have been computed with the Monte Carlo program
EVENT2 [25]. In the case of distributions, A and B are coecient functions, and the xed order
predictions can be improved by calculations which resum leading and next-to-leading logarithms
(NLL) of the event-shape variable to all orders in 
s
. These calculations have to be matched
1
to the xed order part. A number of matching schemes have been proposed [26], namely R
matching, lnR matching and modied versions of these schemes. Recently, estimations of the
third order coecient have become available, which are based on Pade approximants [27].
Hadronization corrections to the perturbative predictions are usually obtained fromMonte Carlo












 C(X) : (2)
The correction factors C(X) have been computed with the program Jetset 7.4 [28] for 14 points
in Q, the parameters having been tuned to the ALEPH data taken at Q =M
Z
[21].
Non-perturbative power corrections in the spirit of Refs. [1] and [2] are dened through the
notion of an eective strong coupling 
eff
s
, which shows an infrared regular behaviour, thereby
removing divergences in perturbation series arising from infrared renormalons. This approach
introduces a universal non-perturbative parameter, 
0























The matching scale separates the perturbative form of 
s
from the eective one and should be
chosen to be of the order of a few GeV,  
I
 Q, where   200 MeV is the fundamental
QCD scale where the strong coupling constant diverges. The power corrected expression for the

































































= 4=3. The leading power correction coecient a, being
calculated from the perturbative cut-o behaviour of thrust, is assumed to be the same for the
heavy jet mass, since these variables are identical to rst order in 
s
. Power corrections to the








; X = F
power
( Eq.(5)) : (6)
Note that in the case of heavy jet mass, the leading power correction is not expected to be
represented by such a simple shift [2].
4 Data Analysis
4.1 Mean Values
The prediction based on Eq.(1) is tted to the data by a least-squares minimization. Two
parameters are determined in the case of 1/Q corrections (Eq.(4)). The results for  = Q and

I





) = 0:1196 0:0017 ; 
0









is found to be  77%. This result











=74/38. Examples of the ts are shown in Fig. 1. The largest contribution to the

2
is observed in the energy range of PETRA, where the spread of the measurements is large.
Fits to < M
H
> give similar results: the quality of the t is slightly better with 1/Q corrections





are lower (Fig. 2). The results on the mean values are summarized in Table 1.
In order to check the functional dependence of non-perturbative corrections on Q, a number
of options have been tested. The perturbative formula Eq.(1) has been extended by additional
terms of the form C=f(Q). The corresponding t results for < 1  T > are listed in Table 2. It
can be summarized that the C=Q Ansatz is favoured by the data, with C being of the order of
1 GeV. The power of Q is found to be close to one, and with the present precision of the data
no indication of higher order power corrections can be seen for thrust.





is related to the choice of the renormalization scale log f ; f = 
2
=s. The scale




is increased by one, i.e.,
 0:25  log f  1. The quality of the ts deteriorated rapidly when scales   0:5Q were
applied. It turned out that also 
0
depends on the  scale, although being a non-perturbative
quantity. Another systematic error stems from the choice of the infrared matching scale 
I
,
which has been varied by 1 GeV around its nominal value of 2 GeV. Here, the quality of the t
does not change much and the value of 
s
is rather stable with respect to this variation. This
should be compared to the change in 
s
obtained when a dierent Monte Carlo model is used for
corrections [21]. By construction (Eq.(3)), 
0
depends directly on 
I
. In the case of < 1  T >
its value changes from 0.793 at 
I
= 1 GeV to 0.432 at 
I
= 3 GeV. Finally, the t range has
been varied, i.e., experiments below 30 GeV and experiments at energies higher than the mass
of the Z have been excluded from the t. All systematic uncertainties are given in Table 3.
4.2 Distributions
The same strategy as for the mean values is pursued for distributions, with the improvements
on the perturbative side from NLL calculations. The same values for  and 
I
as for the mean
values have been taken and the t range has been set to 0.65-0.95 for thrust and to 0.04-0.30 for
heavy jet mass. Taking the mean of the t results with the lnR matching and the R matching,





) = 0:1194 0:0003 ; 
0









=352/205 for the R matching. These
results are very consistent with the results from < 1   T >. Again, the comparison with ts














=347/206 for the R matching. In
contrast to the analysis of the mean values, the quality of the ts with Monte Carlo corrections
is generally better than for the 1/Q option, which can be observed from Table 4. Examples of
these ts to thrust are shown in Fig. 3. Results for all perturbative predictions are summarized
in Table 4.
The analysis of the heavy jet mass distribution is more dicult, because the quality of the
ts is poor for both methods. Particular problems appear for low energy measurements (Fig.





) = 0:1117 0:0004 ; 
0










=1795/180 for the R matching.














=877/181 for the R matching. Monte
Carlo studies indicate that b-quark mass eects are important at lower energies. These eects
are ignored in the 1/Q approach, but are to some extent taken into account by the Monte Carlo
models. The value of 
0
obtained with distributions is consistent with the one from mean values,
but large dierences appear between the values obtained from dierent variables. The apparent
non-universality of 
0
might also be due to mass eects, which show up in dierent ways for









estimations based on Pade approximants, for both options of non-perturbative corrections. A
complete summary of t results is given in Table 4.
Systematic uncertainties have been estimated as for the mean values, except for the treatment
of the scale and the matching scheme uncertainty, where the following procedure has been




obtained with R matching and lnR matching
are taken as central result and half of the maximum discrepancy between the results from the
dierent schemes are quoted as error from the scheme ambiguity. In addition, the scale has been
varied in the range  1  ln f  1 for each individual scheme, and the largest deviation from
the results at ln f = 0 is taken as error stemming from the scale uncertainty. Both variations
characterize the impact of unknown higher orders. Note that the 1/Q method depends less on
the matching scheme than the Monte Carlo method. The error arising from the  scale variation
is somewhat smaller than for the mean values, since the sensitivity to missing higher orders has
been reduced by the inclusion of resummation. Another check has been performed by varying
the t range in thrust and heavy jet mass. The ranges have been extended (and also reduced) by
0.02 at both ends of the nominal ranges. A detailed breakdown of all systematic uncertainties
is given in Table 5.
5 Conclusions
Analytic non-perturbative 1/Q corrections to event-shape variables have been tested and
compared to a method based on hadronization corrections from a Monte Carlo model. A good
description of the experimental data is obtained for the mean value and the distribution of




) and the non-
perturbative parameter 
0
















In the case of the heavy jet mass distribution power corrections are not well represented by a
shift of the distribution. The investigation of heavy jet mass and other event-shape variables
has to be pursued. Calculations taking into account quark masses should be included into the
theoretical prediction, in order to disentangle hadronization from mass eects.
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< 1  T > 0:1306 0:0087 0:1196 0:0083 0:531 0:039
< M
H
> 0:1268 0:0092 0:1151 0:0099 0:437 0:047
1= d=dT 0:1272 0:0043 0:1194 0:0035 0:529 0:034
1= d=dM
H
0:1219 0:0038 0:1117 0:0035 0:423 0:036
Table 1: Comparison of preliminary results on 
s
from mean values and distributions of event-




(1/Q approach) are the quadratic












)+ Eq.(5) 0:1195 0:0017 
0







































0:1258 0:0093 C = 0:74 0:22 44=37











D =  0:04 1:7
Table 2: Fit results on 
s
and additional non-perturbative parameters using the mean value of
thrust. Dierent functional forms of hadronization corrections have been parameterized here,
assuming a simple functional dependence on Q. The errors are statistical only.
6
thrust heavy jet mass













 Scale 0:0085 0:0077 0:036 0:0092 0:0095 0:046




total syst. 0:0087 0:0081 0:037 0:0092 0:0098 0:046




using the mean values of thrust
and heavy jet mass.
thrust heavy jet mass
Fit Option Fits with MC corr. Fits with 1/Q corr. Fits with MC corr. Fits with 1/Q corr.

s
= 0:1382 0:0003 
s
= 0:1426 0:0005 
s






























= 0:1198 0:0002 
s
= 0:1212 0:0002 
s






























= 0:1246 0:0002 
s
= 0:1181 0:0003 
s



























= 0:1263 0:0002 
s
= 0:1192 0:0003 
s



























= 0:1298 0:0002 
s
= 0:1207 0:0002 
s



























= 0:1265 0:0002 
s
= 0:1195 0:0003 
s





























(1/Q approach) using the distributions of thrust and heavy
jet mass. Dierent perturbative predictions are compared, and two methods describing the





thrust heavy jet mass













Matching 0:0026 0:0013 0:021 0:0010 0:0006 0:001
Scheme
 Scale 0:0031 0:0026 0:014 0:0036 0:0032 0:031
Fit Range 0:0013 0:0011 0:016 0:0004 0:0006 0:012




total syst. 0:0043 0:0035 0:034 0:0038 0:0036 0:036







Figure 1: Fits to < 1  T >. Full line: O(
2
s




) with hadronization corrections from JETSET (Eq.(2)).
Figure 2: Fits to < M
H
>. Full line: O(
2
s




) with hadronization corrections from JETSET (Eq.(2)).
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Figure 3: Fits to thrust distributions measured at dierent Q. The full line shows the result
of a t based on O(
2
s
) + NLL with 1/Q corrections, the dashed line a corresponding t with
hadronization corrections from Monte Carlo simulations. Fits are performed over the thrust
range of 0.65 - 0.95, which is indicated by full dots.
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Figure 4: Fits to heavy jet mass distributions measured at dierent Q. The full line shows the
result of a t based on O(
2
s
) + NLL with 1/Q corrections, the dashed line a corresponding
t with hadronization corrections from Monte Carlo simulations. Fits are performed over the
heavy jet mass range of 0.04 - 0.30, which is indicated by full dots.
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